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Loss of N7-methylguanosine (m7G) modification is
involved in the recently discovered rapid tRNAdegra-
dation pathway. In yeast, this modification is cata-
lyzed by the heterodimeric complex composed of
a catalytic subunit Trm8 and a noncatalytic subunit
Trm82. We have solved the crystal structure of Trm8
alone and in complex with Trm82. Trm8 undergoes
subtle conformational changes upon Trm82 binding
which explains the requirement of Trm82 for activity.
Cocrystallization with the S-adenosyl-methionine
methyl donor defines the putative catalytic site and
a guanine binding pocket. Small-angle X-ray scatter-
ing in solution of the Trm8-Trm82 heterodimer in
complex with tRNAPhe has enabled us to propose
a low-resolution structure of the ternary complex
which defines the tRNA binding mode of Trm8-
Trm82 and the structural elements contributing to
specificity.
INTRODUCTION
tRNA is highly modified in all organisms. More than 80 nucleo-
side modifications have been reported, with approximately 25
found in yeast and on average 11 modifications per yeast
tRNA (Grosjean, 2005) (for an up-to-date survey, see http://
library.med.utah.edu/RNAmods/). Most of these modifications
have dedicated enzymes, mostly methyltransferases or pseu-
douridine synthetases. However, the function of these modifica-
tions is often not clear: 3 modifications are essential and 6 mod-
ifications, located in the anticodon region, are linked to growth
defects when the corresponding enzyme is deleted (Hopper
and Phizicky, 2003). The other 16 modifications do not have
severe phenotypes, even though most are conserved between
species. The absence of a clear function for these modifications
highlights the discrepancy between their evolutionary conserva-
tion and the fact that they are not essential for growth. Recently,
analysis of strains defective in several tRNA modification en-
zymes has highlighted a critical role for the N7-methylguanosine
modification at position 46 (m7G46). m7G46 is one of the most
prevalent modifications found in prokaryotes, eukaryotes, and
in some archaea. In yeast, it is found in 11 tRNA species (Sprinzl
et al., 1998). m7G46 is found in the variable loop of tRNA, and the
tRNAPhe structure shows that it is base paired to C13–G2252 Structure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights r(Jovine et al., 2000). The m7G modification is also one of the
only modifications that introduce a positive charge on the base.
Although there is no severe growth phenotype in strains de-
leted of the enzyme responsible for m7G methylation, the ab-
sence of the m7G46 modification, in combination with deletion
of other nonessential tRNA modifications, results in tempera-
ture-sensitive growth. The m7G46 modification was shown to
be essential for the maintenance of tRNA levels which uncovered
a rapid tRNA degradation (RTD) pathway (Alexandrov et al.,
2006). Thispathway is noteworthy because it demonstrates a crit-
ical role for nonessential tRNA modifications for cell survival and
shows that tRNA might be as unstable as mRNA under certain
conditions. Moreover, because the degradation is independent
of the nucleases active in the nuclear surveillance pathway, the
nuclease involved in the RTD pathway has yet to be identified.
The m7G46 modification is produced by a specific m7G46
tRNA methyltransferase. In yeast, this enzyme is composed of
two proteins subunits, Trm8 and Trm82 (Alexandrov et al.,
2002). Strains lacking trm8 or trm82 yield no detectable m7G-
modified tRNA, and production of both Trm8 and Trm82 is suffi-
cient for m7G methylation activity. It has been shown that Trm8
and Trm82 form a complex and that this complex is conserved in
higher eukaryotes: the human homologous proteins METTL1/
WDR4 complement Trm8/Trm82 in yeast (Alexandrov et al.,
2002). Trm8 contains the classic S-adenosyl-methionine binding
motif of methyltransferase enzymes and is shown to bear the
catalytic activity. Trm82 is the noncatalytic subunit of the com-
plex, predicted as a b propeller fold protein. The fact that Trm8
purified from a Dtrm82 strain is inactive indicates that Trm82
might be involved in fine tuning the function of the Trm8 protein.
Its function also seems to involve controlling the levels of Trm8
protein, which suffer a 16-fold reduction in a Dtrm82 strain. Be-
sides its role in the RTD pathway, the gene homologous to trm82
from Drosophila has a critical function in cellular differentiation
for germline cells during gametogenesis (Wu et al., 2006),
whereas a protein with m7G modification activity in tRNA is re-
quired for the pathogenicity of the Colletotrichum lagenarium
fungus (Takano et al., 2006). The finding that METTL1, the human
homolog of Trm8, is regulated by phosphorylation and growth
factors might indicate the m7G methylation complex is involved
in a wide variety of cellular processes (Cartlidge et al., 2005).
In contrast to eukaryotes, where the m7G methylation enzyme
is a heterodimer, a single Trm8 subunit, named TrmB, is present in
bacteria. However, bacterial TrmB can complement yeastDtrm8/
Dtrm82, showing that TrmB does not require a second subunit
even in a eukaryote system (Alexandrov et al., 2005). The struc-
tures of Bacillus subtilis and Streptococcus pneumoniae TrmBeserved
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et al., 2006). Although both enzymes were found to be dimeric
in solution and in the crystal, dimerization does not seem to be
a common property of TrmB enzymes, as the interface is not con-
served and the Escherichia coli enzyme is a monomer.
In order to obtain mechanistic insights into the cooperation
between Trm8 and Trm82 in tRNA methylation, we solved the
structure of the Trm8-Trm82 complex. We show that Trm82 in-
duces structural rearrangements in Trm8 that affect the putative
catalytic site. In order to define the tRNA binding mode, we recon-
stituted the Trm8-Trm82-tRNAPhe complex and recorded small-
angle X-ray scattering (SAXS) spectra. This enabled us to propose
a low-resolution structure of the tertiarycomplex which defines the
tRNA binding mode and explains the results of substrate recogni-
tion on truncated or mutated tRNA transcripts (Matsumoto et al.,
2007) and of site-directed mutagenesis of TrmB (Purta etal., 2005).
RESULTS
Structure Determination and Overall Architecture
In order to aid expression, purification, and crystallization, the
Trm8 construct used in the present study has been truncated of
its 46 N-terminal residues, and all references to Trm8 will indicate
this truncated construct. This region was predicted to be unstruc-
tured by bioinformatical analysis (described in Quevillon-Cheruel
et al., 2007). This region is either not conserved (e.g., human) or
totally absent (e.g., B. subtilis) in other organisms (see multiple
sequence alignment in Figure S1 in the Supplemental Data avail-
able with this article online). This region is thought not to be im-
portant for function because (1) a Trm8 protein truncated of the
Figure 1. Structure of the Trm8-Trm82
Complex
(A) Cartoon representation of the Trm8-Trm82
complex. The Trm8-specific insertions to the
methyltransferase fold are colored red. The a3 he-
lix and AdoMet cofactor, not observable in the
complex but present in the free Trm8 structure,
are shown. The b4-aD loop has been modeled us-
ing the BsTrmB structure as a reference.
(B and C) Surface representation of the Trm8-
Trm82 complex in the same orientation as (A).
The surface in (B) is colored in increasing shades
of red reflecting increasing residue conservation.
The electrostatic potential in (C) is colored on the
surface of the protein from red (negative) to blue
(positive). Figures were generated using PyMOL
(DeLano, 2002).
first 39 residues complements the Dtrm8
growth phenotype and retains m7G activ-
ity in vitro (Alexandrov et al., 2005); (2) ex-
pression of the human complex in a yeast
strain missing the trm8 yeast gene has the
ability to carry out yeast tRNAPhe modifi-
cation (Alexandrov et al., 2002); and (3)
the bacterial homolog which completely
lacks this extension fully complements
the yeast Dtrm8 Dtrm82 growth pheno-
type (Alexandrov et al., 2005).
The Trm8-Trm82 complex was reconstituted from separately
purified components by gel filtration (Figure S2). The peak con-
taining both polypeptides was well resolved and eluted at the
predicted molecular weight for the heterodimer on a calibrated
S200 column and confirmed to be a heterodimer by analysis of
SAXS curves. Trm8-Trm82 was crystallized after mild limited
proteolysis. The structure of the Trm8-Trm82 complex was
solved by single anomalous dispersion (SAD) from a single crys-
tal containing selenomethionine-substituted Trm8. The structure
of Trm8 was solved by molecular replacement with the Trm8
structure extracted from the complex. Both Trm8 and the
Trm8-Trm82 heterodimer are present as two copies related by
two-fold noncrystallographic symmetry.
The Trm8 protein contains the typical S-adenosyl-methionine
methyltransferase core fold, with specific additions. The Trm82
protein contains a WD b propeller fold, and interacts with one
of the a-helical sides of Trm8 by the edge of its b blades. It is in-
teresting to note that the two copies of the Trm8 protein in the
Trm8 crystal asymmetric unit superpose with the two copies of
the Trm8 protein present in the Trm8-Trm82 crystal asymmetric
unit (Figure S3). We think that this does not reflect a stable olig-
omeric state of Trm8 but rather that Trm8 uses the same surface
for making crystal contacts in both types of crystals (see below).
Overall Structure
The Trm8 protein has an expected S-adenosyl-L-methionine
methyltransferase Rossmann fold built around a b sheet contain-
ing seven strands in the order b3b2b1b4b5b7b6, with strand b7
antiparallel to b5 and b6 (Figure 1A). Trm8 contains all the a-he-
lical insertions aA to aE typical of this superfamily. A search forStructure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights reserved 53
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Site
The AdoMet cofactor and important residues are
depicted as gray sticks. A transparent surface
around Trm8 is shown to highlight the presence
of a putative guanine binding cavity. A guanine
(yellow sticks) has been modeled in the cavity
with an orientation compatible with binding and
catalysis.structural homologs on the protein structure comparison service
SSM at the European Bioinformatics Institute (http://www.ebi.
ac.uk/msd-srv/ssm/) (Krissinel and Henrick, 2004) identified
the TrmB proteins, the bacterial homologs of Trm8, as the clos-
est hits. Bacterial TrmB proteins have specific insertions in the
same regions as Trm8, but although these insertions are similar,
they unambiguously distinguish the Trm8 and TrmB families (see
multiple sequence alignment in Figure S1 and structural super-
position in Figure S4). Whereas the bacterial TrmB proteins
from B. subtilis (BsTrmB) and from S. pneumoniae (SpTrmB)
superpose with a root-mean-square deviation (rmsd) of 0.89 A˚
for 190 residues, they superpose with an rmsd of 1.77 A˚ for
137 aligned residues and 22% sequence identity (BsTrmB), or
an rmsd of 1.92 A˚ for 139 aligned residues and 19% sequence
identity (SpTrmB) with Trm8. For comparison, other hits with un-
related methyltransferases have an rmsd of 2.3 A˚ for 125 aligned
residues on average. For all these proteins, the structural homol-
ogy is concentrated on the structural elements of the common
core MT fold, whereas the Trm8/TrmB insertions superpose
poorly.
The N-terminal residues are a Trm8-specific addition to the
core fold and form an extended structure which packs on the
b3 and aC sides of the protein (Figure 1A; Figure S4). In contrast,
the structure of the BsTrmB N-terminal extension comprises two
a helices that precede b3 and pack on b1 andaC, a small b strand
that extends the b sheet after b3, and an N-terminal helix which
packs on the opposite side of the protein (Zegers et al., 2006)
(blue in Figure S4). The second Trm8-specific insertion between
b6 and b7 consists of three a helices (a1 to a3; Figure 1A). a1
packs perpendicularly to b7, a2 packs parallel to b4, b5, and
aA, and a3 packs on top of the b sheet on b7, b5, b4, and a2.
The insertion between b6 and b7 of BsTrmB is not superposable
to the Trm8 structure (Figure S4) but globally has the same path
and contains a helix similar to the a3 helix of Trm8. In the Trm8-
Trm82 complex, helix a3 is not visible in the electron density,
possibly indicating that this region is dynamic (this helix is added
to the complex in Figure 1A based on the free Trm8 structure).
Another conserved region specific to the TrmB/Trm8 family be-
tween b4 and aD is not visible in Trm8, free or in complex. The
corresponding b4-aD loop in TrmB is well defined and protrudes
into the solvent.
The Trm82 protein is a member of the WD fold family and
adopts a b propeller fold (Figure 1A). This fold is characterized
by the repetition of a four-stranded b sheet, the blades, that54 Structure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights repack in a circular array. Trm82 contains seven blades (B1–B7)
and is structurally homologous to a wide variety of WD repeat
proteins containing seven blades: Lis1 of the PAF-AH holoen-
zyme (2.2 A˚ rmsd for 264 aligned residues; Protein Data Bank
[PDB] ID code: 1VYH), the WRD5 histone binding protein (2.29
A˚ rmsd for 268 aligned residues; PDB ID code: 2H9O), and the
G protein b-transducin (2.28 A˚ rmsd for 262 aligned residues;
PDB ID code: 1TBG). In contrast to most WD repeat proteins,
the first strand of the first blade starts at the N terminus of the
protein; there is no crossover between the first and the last
blade, creating the common hook-and-loop fastener system.
Trm82 contains two a-helical insertions, in the loop connecting
blades B5 and B6 and at the C terminus after B7. Both a helices
pack on the edge of the b barrel at the interface between two
blades, B5/B6 and B7/B1, respectively. The C-terminal residues
following the a helix pack on top of the b barrel, partly obstructing
the entrance of the b barrel cavity. The 50 residues of the poorly
conserved large loop between blades B1 and B2 are not visible
in our structure (dashed lines in Figure 1A).
Trm8 Active Site
Trm8 has been solved in the presence of the AdoMet methyl
donor. AdoMet is clearly visible in the electron density and is
located in the expected binding site of this class of methyltrans-
ferase. The G103xGxG107 consensus motif in the b1-aA loop
makes up the floor of the AdoMet binding site (Figure 2). E126
makes a bidentate hydrogen bond with the ribose hydroxyl
groups. The adenine base is stacked on I127 and forms a hydro-
gen bond from its N6 position to the N161 side chain. In the me-
thionine moiety, the methionine carboxyl group is hydrogen
bonded to the T259 and E261 side chains and the nitrogen to
G103 and C104.
The side chains of D184 (absolutely conserved in the TrmB/
Trm8 families) and E261 (replaced by glutamine in some prokary-
otes) are both 3.2 A˚ from the transferred methyl group (C3). Be-
cause these residues form part of the pocket around AdoMet
and brace the methyl group, they are probably involved in neu-
tralizing the positive charge on the sulfonium ion and in position-
ing the substrate and product for efficient transfer. The C3methyl
group is accessible through the small shaft between the D184
and E261 side chains, which opens up on a small putative recep-
tor substrate binding pocket for the G46 guanosine of the tRNA.
In Figure 2, an N7-methyl-guanine has been modeled in this cav-
ity with an N7-C3 distance compatible with catalysis. The baseserved
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and D220 are ideally placed to provide hydrogen bond recogni-
tion of the guanine base. The charged R128 and K264 side
chains could be involved in binding the 50- and 30-phosphates
of the G46 guanosine in the tRNA.
Trm8-Trm82 Complex
The Trm8-Trm82 complex was purified by gel filtration as a heter-
odimer. The crystal structure shows two Trm8-Trm82 hetero-
dimers in the asymmetric unit, related by a two-fold axis (Fig-
ure S3). The Trm8-Trm82 interaction buries a total of 2090A˚2
(Figure 1A). Trm8 interacts with Trm82 through aC, aD, and the
N- and C-terminal residues. The Trm82 interaction surface is
located on the edge of the b barrel, centered on the B4 blade re-
gion. Strands b3 and b4 of blade B4 and strand b4 of blade B3
make the most prominent interaction by stacking roughly per-
pendicularly on the helices aC and aD of Trm8. The loops on
the upper side of the b barrel on blade B4 and the loops connect-
ing blades B3 and B4 and blades B4 and B5 are also involved in
the interface. The residues of Trm82 present at the interface con-
stitute the most conserved region of Trm82. Two salt bridges are
formed at the interface between absolutely conserved residues:
K164 and E204 of Trm8 with D219 and K223 of Trm82 (Figure 3).
It is interesting to note that both in free Trm8 and in the Trm8-
Trm82 crystal structures, the two copies of Trm8 in the asym-
metric unit present the same crystal packing interactions
(Figure S3). This raises the question of whether Trm8 is
Figure 3. Structural Changes in Trm8 upon
Trm82 Binding
Free and bound Trm8 are shown in the same
orientations and colored cyan (B) and yellow (A),
respectively. Trm82 is colored green, and is
show in transparent cartoons with free Trm8 for
comparison. The b4-aD loop from BsTrmB is
shown in pink and the AdoMet of free Trm8 is in
sticks.
homodimeric or whether this interaction
has been selected by both types of crys-
tals for building the crystal lattice. The
dimerization interface involves the head-
to-head interaction of the b5-aD loop
from both monomers and the stacking
of the six C-terminal residues of one
monomer on the a1 and a2 helices of
the other monomer. The dimer interface
buries a total of 1990 A˚2 (10% of the total
surface). Analysis of the gel-filtration pro-
file indicates that Trm8 migrates as
a monomer. Furthermore, the hypotheti-
cal Trm8 dimer interface is poorly con-
served in Trm8 proteins. We therefore
propose that the dimeric arrangement of
Trm8 we observe in both crystals is an
artifact of crystallization. This region
probably has a propensity to interact,
which could favor crystallogenesis by
providing the initial crystal contacts.
Both the BsTrmB and SpTrmB proteins were found to be
dimeric. The structure of the BsTrmB and SpTrmB dimer has
a two-fold symmetry and is created through a head-to-head
packing on the edge of the b sheet, the b6 strand interacting
with the opposing aE helix. The dimers of TrmB and Trm8 found
in the crystal are therefore different. Because E. coli TrmB was
found as a monomer by gel filtration (De Bie et al., 2003), the
dimer found in the Bacillus species has been proposed to be
a transient dimer (Zegers et al., 2006). Because the Trm8-
Trm82 and TrmB homodimerization interaction surfaces do not
overlap, the Trm8-Trm82 heterodimer does not mimic the
TrmB homodimer.
Trm82 Modulates the Structure of Trm8
In addition to its role in stabilizing the levels of Trm8 proteins in
the cell, Trm82 has also been shown to modulate the activity
of Trm8: the purified Trm8 protein, produced either in E. coli or
by overexpression in a yeast Dtrm82 strain, is catalytically inac-
tive (Alexandrov et al., 2005). The structures of Trm8 free
(Figure 3B, blue) and bound (Figure 3A, yellow) to Trm82 (green)
show that Trm8 undergoes conformational rearrangements
upon Trm82 binding. The most prominent structural changes
concern residues 68–75, which are the first N-terminal amino
acids visible in our electron density maps. In free Trm8, these
residues pack on the aC and aD helices, while stabilizing the
Trm8 crystallographic dimer by interaction with the opposing
Trm8 molecule. These residues cannot bind the same surfaceStructure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights reserved 55
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ing interface and would interfere with Trm82 interaction
(Figure 3B). The N-terminal residues in the bound Trm8 pack
on the side of the aC helix of Trm8 and on the b4-b1 loop be-
tween B4 and B5 of Trm82. The bound conformation on the N
terminus is stabilized by the aromatic ring stacking of Y69 and
F165. In the free conformation, Y69 is more than 20 A˚ from the
bound conformation, and F165 is flipped out of the aC helix.
The conformation of the free F165 is also incompatible with
Trm82 binding, as it would sterically clash with W236 (Figure 3).
It is most noteworthy that the two salt bridges between Trm8 and
Trm82 (E204-K223 and K164-D219) are in the Y69–F164 region,
where the most prominent structural changes are found. In both
free and bound Trm8, the electron density for the b4-aD loop
(P185 to H192 or A194 for the free and bound structures, respec-
tively) is not visible, indicating that this region is flexible. How-
ever, the residues at the base of the loop before aD (H192–
N199) have radically different conformations in free and bound
structures. Comparison with the bacterial TrmB shows that the
H192–N199 residues from the Trm8 b4-aD loop in the bound
conformation are perfectly superposable on the BsTrmB or
SpTrmB loop (Figure 3, purple). The Trm8 b4-aD loop in the
free protein deviates markedly and is stabilized by a salt bridge
between R195 and E204. This salt bridge cannot exist in the
Trm82-Trm8 complex: the Trm82 b4-b1 loop between B3 and
B4 would sterically clash with R195 in the free conformation
and Trm8-E204 forms a salt bridge with Trm82-K223. These res-
idues are both absolutely conserved in eukaryotes, but E204 is
not conserved in prokaryotes, which might point to a eukary-
ote-specific regulation through Trm82 binding.
BsTrmB R129, the arginine equivalent to Trm8 R195, points
toward the aE helix. Substitution of this arginine by alanine in
E. coli results in loss of more than 90% of methyltransferase
activity (Purta et al., 2005). This arginine might bind to the nega-
tively charged tRNA and/or stabilize the conformation of the b4-
aD loop, which contains many residues essential for binding and
activity (Purta et al., 2005). In free Trm8, this arginine points in the
opposite direction between aC and aD, thereby destabilizing the
structure of the b4-aD loop. As this loop is essential for methyl-
transferase activity, it is tempting to speculate that the free Trm8
is present in an inactive conformation. This inactive conformation
is stabilized by the R195-E204 salt bridge and the activation of
Trm8 activity by Trm82 involves structural rearrangements
around these residues in the Trm82 interaction surface.
tRNA Interaction Site
The presence of AdoMet in our Trm8-Trm82 complex unambig-
uously defines the binding site for the target RNA base. Figure 1B
shows the surface of the complex colored in increasing shades
of red reflecting residue conservation (calculated using an align-
ment of the top 62 and 19 sequences retrieved from a Blast
search for Trm8 and Trm82, respectively, and a conservation
score calculated using Rate4Site; Pupko et al., 2002). The con-
served residues cluster on one side of the Trm8 protein and com-
prise all the loops around the AdoMet binding site: the b1-aA,
b2-aB, b3-aC, b4-aD, and b5-aE loops, and helix a3 of the b6-b7
insertion. These residues are either involved in the formation of
the AdoMet binding cavity or belong to the Trm8-specific inser-
tions. The only other conserved region of Trm8 is involved in56 Structure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights reTrm82 binding, whereas the conserved residues of Trm82 are
mainly involved in Trm8 binding.
The b4-aD loop, absent in our structure, has been modeled
with the BsTrmB loop as a template. The presence of AdoMet
in our structure enables us to define a region where the tRNA
is obliged to interact. The AdoMet is deeply buried inside a nar-
row cavity at the confluence between three grooves. The most
prominent groove is bordered on one side by the b4-aD loop
and on the other by the b2-aB and b3-aC loops. The second
groove is created between helix a3 and the b4-aD loop, which
forms part of the putative adenine binding pocket. The third
groove is created between helix a3 and the b2-aB loop.
The electrostatic potential (Figure 1C) shows that the floor of
these grooves is mostly negatively charged, a property which
is often found in methyltransferases and adapted for binding
the positive charge of the AdoMet methyl donor. In contrast,
the top and sides of all these grooves are rich in basic residues
and form three extended positive electrostatic patches on the
protein. These patches therefore probably constitute the major
elements of the tRNA docking platform. The spacing between
each side of the grooves is of the right dimensions to accommo-
date an RNA double helix. We therefore propose that some or all
of these grooves are involved in binding one of the double helices
contained in the target tRNA: the aminoacyl stem, the D arm, the
T arm, or the anticodon arm.
Low-Resolution Model Structure
of the Trm8-Trm82-tRNAPhe Complex
With the above information in hand, a Trm8-Trm82-tRNA heter-
otrimeric complex cannot be modeled with confidence. If a
tRNAPhe is positioned by overlaying the methylation substrate
G46 onto the guanine nucleotide modeled in the Trm8 active
site, the resulting model presents severe sterical clashes be-
tween tRNAPhe and Trm8, because G46 is involved in tertiary
base pairing with the C13-G22 base pair inside the D stem.
The G46-C13-G22 tertiary base pair is important but not essen-
tial for methyl transfer (Matsumoto et al., 2007). Our results indi-
cate that the tertiary base pair has to be disrupted and that the
guanine base has to flip out of the packed tRNA helix in order
to be methylated.
In order to gain more detailed structural insights, we reconsti-
tuted the heterotrimeric complex using tRNAPhe purified from
yeast (Sigma). The Trm8-Trm82-tRNAPhe comigrated on a size-
exclusion column, and the elution volume was shifted with respect
to the Trm8-Trm82 complex or to the free tRNA (Figure S2), indi-
cating that a stable Trm8-Trm82-tRNAPhe complex was formed.
As no crystals suitable for structural determination could be
obtained, we recorded small-angle X-ray diffusion spectra on
Trm8-Trm82-tRNAPhe. Because the structure of tRNAPhe is known
(Jovine et al., 2000), a set of possible complex structures were
modeled by hand and the scattering curves calculated from the
complex structures were compared to the experimental ones.
The models were generated by first positioning the tRNAPhe so
that the G46 is at a distance compatible with its insertion into the
catalytic site upon flipping out of the tRNAPhe stem. Next, G46
was chosen as a pivot point and all the orientations of the
tRNA around this point were evaluated by eye. The conforma-
tions with steric clashes were excluded, and special attention
was given to conformations in which stems of the tRNA areserved
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Structure of the tRNA m7G Methylation Complex‘‘docked’’ on one of the positively charged surface patches or
conserved surface patches (Figure 1B) which have been shown
to be required for activity by mutational analysis in EcTrmB
(Purta et al., 2005). Six models were retained for further analysis.
Models 1–3, 4–5, and 6 are docked so that the anticodon stem,
aminoacyl stem, or T arm lie on Trm8, respectively. For each
‘‘docked model,’’ the location of the three larger missing frag-
ments, namely the 22 N-terminal residues of Trm8, the 14 C-ter-
minal residues of Trm82, and the 50 residues between blades B1
and B2 of Trm82, were added and refined in a final modeling
stage using the rigid-body modeling program SASREF (Petou-
khov and Svergun, 2005) (see Experimental Procedures for de-
Figure 4. Modelof theTrm8-Trm82-tRNAPhe
Complex
(A) SAXS curve of the Trm8-Trm82-tRNAPhe com-
plex (model 1). Black and red curves are experi-
mental and calculated, respectively.
(B) Model of the Trm8-Trm82-tRNAPhe complex in
the same orientation as Figure 1A. The repre-
sented model corresponds to model 1. A sche-
matic representation of the tRNA with the color
code used is shown in the inset.
(C) Interaction of the b4-aD loop with the tRNA
in model 3. Trm82 is shown with a transparent
surface on the right.
tails). Of all the plausible models, models
1–3 gave the best agreement with the
SAXS curves, with a goodness-of-fit indi-
cator (c) between 1.48 and 2.10, whereas
all the other orientations were worse (c
between 2.41 and 3.45) (model 1 in Fig-
ures 4A and 4B and all others in
Figure S5). The agreement is also re-
flected in the closer agreement of the ra-
dius of gyration (experimental Rg = 34.5 A˚
for experimental curve, Rg = 34.1 A˚ for
model 1, and Rg < 33.1 A˚ for models 4–
6). Models 1–3 were built by maximizing
the interaction of Trm8 with the anticodon
stem (model 1, Figure 4B), with the b4-aD
loop (model 3), or in an intermediate ori-
entation (model 2). Due to the curvature
of the protein surface, the tRNA, in the
conformation available in the crystal, can-
not interact with both structural elements
at the same time (Figure 4C). A hybrid
model with a tRNA structure in a bent
conformation built using models 1 and 3
gives a good fit (c = 1.71, Rg = 33.9 A˚).
As a structural rearrangement is needed
to introduce the G46 base in the catalytic
pocket, it might be accompanied by
structural changes of the tRNA to fit the
Trm8 surface. Unfortunately, the reliable
prediction of large structural changes
is beyond the possibilities of current
methods.
In our model, tRNA sits on top of Trm8 and makes no contacts
with Trm82 (Figure 4B). Although the regions around the three
grooves defined above make extensive contacts with specific
tRNA structural elements, it appears that the aminoacyl stem is
too far from the protein to envisage any interaction, even with
a large conformational rearrangement. The anticodon arm only
interacts with a couple of base pairs at the stem in model 1
and none in model 3. The aminoacyl stem and anticodon stem
therefore do not appear as tRNA binding determinants. The vari-
able loop is sandwiched between helix a3 and the b4-aD loop,
and sits on top of the AdoMet binding cavity. On one side of
the catalytic site, the charged residues on helix a3 makeStructure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights reserved 57
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that constitute one strand of the D arm which is stacked on the
tRNA variable loop (Figure 4C). The loop between b6 and helix
a3 interacts with the minor groove of the stem of the T arm. On
the other side of the catalytic site, the b4-aD loop makes exten-
sive contacts not only with the residues of the tRNA variable loop
but also with the loop of the D arm (Figure 4C). The D arm loop
interacts with the T arm loop, which is in close contact with res-
idues of helix aE. Our model therefore suggests that Trm8 recog-
nizes the local structure around the variable loop and especially
the D arm and T arm.
DISCUSSION
Recently, Matsumoto et al. conducted an extensive study of the
methyl acceptance activities of eight truncated or mutated tRNA
transcripts by both Trm8/Trm82 or by bacterial Aquifex aeolicus
TrmB (AeTrmB) (Matsumoto et al., 2007). In both cases, the de-
letion of the D arm or the T arm leads to complete loss of methyl
acceptance activity, which indicates that they are major require-
ments for tRNA recognition. By making mutants that destabilize
structural elements, it was also shown that the D stem and T
stem helical structures are essential for tRNA recognition. More-
over, mutations destroying the interaction of the D and T loops
severely affect methyl transfer activity. In contrast, deletion of
the anticodon arm or aminoacyl stem did not have severe ef-
fects, indicating that these structural elements contribute little
to tRNA binding. These results are in complete agreement with
the conclusions that can be inferred from our model. The amino-
acyl stem is not in contact with the protein and protrudes into the
solvent. Although the anticodon arm is in close proximity to the
Trm8 surface, most of the contacts are made with structural
elements of the D and T arm that were not truncated in the methyl
acceptance activity tests. Our model also highlights the impor-
tance of the local structure around the D and T arms for recogni-
tion by the Trm8 protein.
Trm8/Trm82 is one of many methylation enzymes that have
been found as bipartite structures. For tRNA methylation en-
zymes, Gcd10-Gcd14, Trm11-Trm112, and Trm9-Trm112 have
been identified (Anderson et al., 2000; Purushothaman et al.,
2005). These complexes contain a methyltransferase catalytic
subunit and a noncatalytic subunit involved in stabilizing the cat-
alytic subunit or activating and fine tuning its activity. Trm112
also forms a complex with the protein methyltransferase Mtq2
(Heurgue-Hamard et al., 2006). The guanine-N7 methyltransfer-
ase domain of vaccinia virus mRNA capping enzyme is also a het-
erodimer composed of a catalytic subunit vD1 and a stimulatory
subunit vD12 (Mao and Shuman, 1994). A mechanism of intersu-
bunit allostery, whereby the vD12 subunit enhances the affinity of
the catalytic subunit for AdoMet and the cap guanine methyl ac-
ceptor, has been proposed. The mechanism by which vD12 ac-
tivates the catalytic subunit still remains unknown. Although they
carry out the same modification, we have shown that Trm8 is un-
related to the catalytic subunits of vD1, as well as the yeast mRNA
capping enzyme Abd1, whose homologous structure from
Encephalitozoon cuniculi has been solved (Fabrega et al., 2004).
Sequence analysis also suggests the noncatalytic subunit vD12
is not structurally related to Trm82. To our knowledge, these re-
sults provide the first structure of a bipartite methyltransferase58 Structure 16, 52–61, January 2008 ª2008 Elsevier Ltd All rights rcomplex and explicate the mechanism of activation of Trm8 by
modulation of the structure of the tRNA binding and catalytic
site of Trm8. In our model, Trm82 is not involved in tRNA binding.
This is in line with results which show that Trm8 crosslinks to
tRNA alone or in complex, but that Trm82 does not crosslink
tRNA even when bound to Trm8 (Alexandrov et al., 2005).
It is interesting to note that the bacterial Trm8 homolog and
archaeal Gcd14 homolog do not have a bipartite organization,
although they might function as homodimers and homote-
tramers, indicating that these enzymes do not require a second
subunit for function. Homodimerization has been proposed to be
an initial step toward hetero-oligomerization, but in the case of
tRNA m7G methylation, the hypothetical bacterial dimer is totally
unrelated to the Trm8-Trm82 heterodimer, which raises interest-
ing questions as to the reason for evolving a multisubunit struc-
ture in eukaryotes. METTL1, the human homolog of Trm8, was
shown to be phosphorylated on Ser27 (corresponding to Ser59
in Trm8) by the PKB and RSK kinases, and results in inactivation
of the enzyme (Cartlidge et al., 2005). Ser59 was also shown to
be phosphorylated in yeast (Li et al., 2007). Ser59 is not visible
in our structure, for which the first visible residue is N60 and
Q66 in the free and bound protein, respectively. However, we
have shown that this N-terminal region is located at the Trm8/
Trm82 interface and undergoes significant conformational rear-
rangements upon Trm82 binding, displacing N60 by approxi-
mately 40 A˚. Phosphorylation of Ser59 is unlikely to influence
the structure of the Trm8 catalytic site, but could have an indirect
role in the context of the Trm8-Trm82 complex, by modulating
the structure of the complex or its affinity for other partners. As
the PKB and RSK kinases are regulated by growth hormones,
it is possible that Trm82 is important for mediating the regulation
of Trm8 activity by external factors. wh, the gene homologous
to Trm82 from Drosophila, is not essential in somatic cells, but
has critical function in distinct steps of the cellular differentiation
process, which might indicate that it is the direct or indirect
target of regulation (Wu et al., 2006). The structure of the Trm8-
Trm82 complex reveals that Trm8 contacts the side of the Trm82
b propeller. Because b propeller interacting proteins often
interact with the top of the b propeller, it is possible that Trm82
is the target for other protein partners that would regulate the
Trm8-Trm82 complex.
EXPERIMENTAL PROCEDURES
Expression and Purification
trm8 and trm82 were amplified by PCR using genomic DNA of Saccharomyces
cerevisiae strain S288C as a template. An additional sequence coding for
a hexahistidine tag was introduced at the 30 end of the gene during amplifica-
tion. The PCR product was then cloned into a derivative of pET28 and pET21
vectors, respectively. Due to expression and solubility problems, a construct
of the Trm8 protein truncated of the first 46 amino acids was cloned. The trun-
cated domain was shown not to be essential for function (Alexandrov et al.,
2005), is not conserved in other organisms (Figure S1), and is predicted to
be unstructured by bioinformatics sequence analysis (Quevillon-Cheruel
et al., 2007). This construct behaved much better in expression and solubility
tests and was used throughout this work. Final expression was done at 15C
during 20 hr of induction by 0.5 mM IPTG using the transformed E. coli
BL21(DE3)Gold strain (Stratagene) produced in 2-YT medium for both pro-
teins. Selenomethionine-substituted Trm82 was produced in auto-inducible
medium at 15C during 72 hr. The medium composition (per liter) was: glycerol
10 g, glucose 1 g, lactose 1 g, KH2PO4 13.6 g, (NH4)2SO4 6.6 g, Na2HPO4eserved
Structure
Structure of the tRNA m7G Methylation ComplexTable 1. Data Collection and Refinement Statistics
Trm8-Trm82 (SeMet) Trm8-Trm82 Trm8
Wavelength (A˚) 0.97953 0.97953 0.93300
Space group P21 P21 C2
Unit cell parameters 53.4, 108.0, 127.0 53.4, 107.7, 127.7 128.2, 58.6, 94.6
a, b, c (A˚) 92.2 91.5 130.1
b ()
Resolution (A˚) 20–2.8 20–2.4 20–2.3
Total number
of reflections
249,011 183,626 156,655
Total of unique reflections 36,672 26,954 22,957
Multiplicity 7.0 (7.1) 3.7 (3.7) 6.8 (4.7)
Rmerge
a 11.8 (54.3) 8.3 (69.8) 8.3 (25.2)
I/s(I) 15.8 (3.3) 12.2 (1.5) 18.7 (5.1)
Overall completeness (%) 99.9 (99.9) 98.2 (99.1) 95.5 (75.8)
Resolution (A˚) 20–2.8 20–2.4 20–2.3
Reflections (working/test) 104,730/5,419 42,353/2,282
Rcryst/Rfree
b 22.3/27.2 24.5/27.4
Nonhydrogen atoms 9,571 3,650
Water molecules 260 70
Bonds (A˚) 0.006 0.005
Angles () 0.79 0.75
Mean B factor (A˚2) Protein/solvent/AdoMet 37/34 17.3/18.9/18.8
Ramachandran plot (%)
Most favored 96.3 97.8
Allowed 3.7 2.2
a Rmerge = ShSijIhi  < Ih >j/ShSiIhi, where Ihi is the ith observation of the reflection h, and < Ih > is the mean intensity of reflection h.
b Rfactor = SjjFoj  jFcjj/jFoj. Rfree was calculated with a set of randomly selected reflections (5%).(2H2O) 14.2 g, MgSO4 (7H2O) 800 mg, CaCl2 (2H2O) 100 mg, thiamine 4 mg,
FeSO4 (7H2O) 5 mg, ZnSO4 (7H2O) 0.8 mg, MnSO4 0.8 mg, CuSO4 (5H2O)
0.08 mg, 0.4 mg NaMoO4 0.4 mg, H3BO3 1 mg, KI 0.2 mg, amino acids (L-leu-
cine, L-isoleucine, L-valine, L-tryptophan, L-phenylalanine, L-lysine, L-ala-
nine, L-arginine, L-aspartic acid, glycine, L-asparagine, L-proline, L-serine,
L-threonine, L-histidine, L-glutamine, L-glutamic acid) 200 mg, and selenome-
thionine 125 mg.
His-tagged native and selenomethionyl proteins were separately purified on
an Ni-NTA column (QIAGEN) and gel filtration at 4C. The Trm8-Trm82 com-
plex was reconstituted by mixing equal quantities of protein and running
a gel filtration in 20 mM Tris (pH 7.5), 200 mM NaCl, 10 mM b-mercaptoethanol.
The complex migrated at the expected weight for the heterodimer (Figure S2).
The Trm8 protein was extremely unstable and precipitated after 1 day. The
addition of Trm82 seemed to stabilize Trm8, as the Trm8-Trm82 complex was
much more stable in time.
Crystallization, Data Collection, Structure Solution, and Refinement
Native Trm8 protein (5 mg/ml) with 2 mM AdoMet crystallized at 293K by hang-
ing-drop vapor-diffusion methods from 1:1 ml of protein and precipitant con-
taining 30% PEG4000, 0.2 M MgCl2, 0.1 M Tris (pH 8.5), 0.4 M KCl. Native
Trm82-Trm8 complex (10 mg/ml with 2 mM AdoMet) crystallized at 293K by
hanging-drop vapor-diffusion methods from 1:1 ml of protein and precipitant
containing 19% PEG4000, 0.4 M NaCl, 0.1 M NaH2PO4 (pH 6.7). Trm82-
Trm8 failed to give monocrystals despite extensive optimization; limited prote-
olysis was performed on the sample in order to remove nonstructured flexible
regions. Briefly, a 1:100 ratio of trypsin was added to the protein solution, in-
cubated for 30 min, and used in the crystallization without further purification.
Protease treatment of the complex during crystallization greatly improved the
quality of the crystals, which were transferred in the mother liquor containing
30% ethylene glycol prior to flash-cooling in liquid nitrogen. Analysis byStructuremass spectroscopy of proteolyzed Trm8-Trm82 complex in solution or from
dissolved protein crystals revealed that the proteins were cut in several differ-
ent loops. The large loop between the B1 and B2 blades (residues 48–100) and
the B5 and B6 blades (residues 295–305) of Trm82 and the region encompass-
ing helix a3 (residues 259–271) of Trm8 were cut at multiple sites. These re-
gions are not visible in the electron density.
X-ray diffraction data from crystals of the native Trm8, native Trm8-Trm82,
and native Trm8-selenomethionine Trm82 proteins were collected, respec-
tively, on beamlines ID14-2, ID14-4, and ID29 at the European Synchrotron
Radiation Facility (Grenoble, France). Data processing was carried out with
MOSFLM and SCALA (Leslie, 1992; Evans, 2006). The Trm8 crystals diffracted
to a maximum resolution of 2.3 A˚ and belong to space group C2 with two mol-
ecules per asymmetric unit. The Trm8-Trm82 crystals diffracted to a maximum
resolution of 2.4 A˚ (native) and 2.8 A˚ (SeM) and belong to space group P21 with
two heterodimers per asymmetric unit. The cell parameters and data collection
statistics are reported in Table 1.
As Trm82 contained only three methionines, we chose Trm8 (nine methio-
nines) for selenomethionine-labeled protein production. A full SAD data set
was recorded on the Trm8-Trm82 complex. The Hyss substructure solution
module from PHENIX was used to find the anomalous scattering sites
(Grosse-Kunstleve and Adams, 2003). Refinement and phasing were per-
formed with SHARP (Bricogne et al., 2003), and solvent flattening with SOLO-
MON (Abrahams and Leslie, 1996) and RESOLVE (Terwilliger, 1999). An initial
model was built in the maps with RESOLVE (Terwilliger, 1999). The noncrystal-
lographic symmetry was identified from the sites, the partial model, and the
self-rotation, and was used for density modification and model building using
O (Jones and Kjeldgaard, 1991). The Trm8 protein was solved by molecular re-
placement using the Trm8 molecule from the Trm8-Trm82 complex using
MOLREP (Vagin and Isupov, 2001). The structures were refined with the refine-
ment module of PHENIX (Adams et al., 2002), using noncrystallographic16, 52–61, January 2008 ª2008 Elsevier Ltd All rights reserved 59
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models, some regions could not be seen in the electron density: residues
46–60, 88–91, and 186–191 in free Trm8, residues 48–100, 295–305, and
436–444 in Trm82, and residues 46–65, 260–270, and 186–194 in the bound
Trm8 proteins. This is indicative of either flexibility or, in the case of the
Trm8-Trm82 complex, the effect of proteolysis in certain loops (see above).
The structures were deposited in the Protein Data Bank under ID codes
2VDU and 2VDV.
Small-Angle X-Ray Scattering
SAXS data were collected on a commercially available small-angle X-ray
camera (Nanostar, Bruker AXS) adapted to a rotating-anode X-ray source
(CuKa, l = 1.54 A˚). The instrument has an integrated vacuum in order to reduce
background. The scattering vector range was 0.012 A˚1 < q < 0.35 A˚1, where
q = 4psinq/l, with 2q being the scattering angle. The sample-to-detector dis-
tance was 662 mm. Samples were enclosed in 2 mm diameter quartz capillar-
ies directly inserted into vacuum. Data were measured at 1.8 and 3.4 mg/ml at
6C. Both buffers and samples were exposed during 7200 s. The SAXS data
were normalized to the intensity of the incident beam and processed to back-
ground subtraction using the standard procedures with the program package
PRIMUS (Konarev et al., 2003). In the low-angle region, the scattering curve I(q)
recorded at 3.4 mg/ml was slightly affected by attractive interaction effects.
Extrapolation to zero concentration was performed to obtain an undistorted
pattern in this region. The radius of gyration (Rg) was computed from the Guin-
ier plot (Guinier, 1939) and from the distance distribution function P(r) obtained
using the program GNOM (Svergun, 1992). This analysis confirmed the pres-
ence of a heterodimer in solution for the Trm8-Trm82 complex and of a hetero-
trimer for the Trm8-Trm82-tRNA complex. Results for Trm8 were inconclusive
due to the presence of aggregation.
Missing parts in the crystal structure, either because of proteolysis or be-
cause of their high mobility, contribute to scattering in solution by the intact ter-
nary complex. Their precise conformation, which is likely not unique, is not
a critical issue, and certainly not when it comes to determining their contribu-
tion to the SAXS pattern, that is, at low resolution. They were therefore mod-
eled in a conformation exposed to solvent using O (Jones and Kjeldgaard,
1991). Six ‘‘docked models’’ of the ternary complex were obtained that differed
by the position of the tRNA with respect to the Trm8-Trm82 complex. For each
docked model, the location of the three larger modeled fragments, namely the
22 N-terminal residues of Trm8, the 14 C-terminal residues of Trm82, and the
50 residues between blades B1 and B2 of Trm82, were refined in a final mod-
eling stage using the rigid-body modeling program SASREF (Petoukhov and
Svergun, 2005). The discrepancy between the calculated and the experimental
scattering curves was minimized while keeping the crystal structures fixed in
the docked position. The goodness of fit was characterized by the c parameter
c2 =
1
N 1
X
j

IexpðqjÞ  cIcalcðqjÞ
sðqjÞ
2
;
where N is the number of experimental points, c is a scaling factor, and Icalc(qj)
and s(qj) are the calculated intensity and the experimental error at the scatter-
ing vector qj, respectively.
Supplemental Data
Supplemental Data include five figures and can be found with this article online
at http://www.structure.org/cgi/content/full/16/1/52/DC1/.
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